Abstract -Spinel ZnFe2O4 was developed successfully as a heterogeneous-Fenton catalyst for the degradation of Reactive Yellow 86 (RY 86) under UV light. The ZnFe2O4 was characterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), field emission scanning electron microscopy (FE-SEM) and UV-diffuse reflectance spectroscopy (UV-DRS). FE-SEM reveals that the some of the particles sizes are in the range from 10 nm to 50 nm. The photocatalytic performance of ZnFe2O4 was evaluated by degradation of RY 86 dye solution under UV light. The degradation rate was highly influenced by pH, initial concentrations of H2O2 and catalyst concentration. The results indicated that ZnFe2O4 could be used as a photocatalyst for treatment of industrial coloured wastewater. The catalyst was reused for five consecutive runs without significant change in its activity. Moreover, the antibacterial effects were investigated.
I. INTRODUCTION
In past decades a large number of investigations have been focused on semiconductor photocatalysts due to their potential applications in solar energy conversion and environmental purification [1] - [3] . To date many well known semiconductors including TiO2 and ZnO have shown merits of high photosensitivity, non-toxic nature, low cost and environmental applications [4] . However, these photocatalysts are effectively excited only in the UV region due to their wide band gap. In order to improve the efficiency of utilizing solar energy, an important strategy is to explore a new photocatalyst with relatively narrow band gap energy, higher oxidative ability, as well as higher quantum efficiency [5] - [7] .
Spinel ferrites with a general formula of MFe2O4 (where M represents a metal cation) are chemically and thermally stable magnetic materials that have been used for many applications [8] - [10] . Their magnetic properties make them useful in magnetic resonance imaging (MRI), electronic devices, information storage, and drug delivery [9] . In recent years, many methods have been reported for the synthesis of various interesting ZnFe2O4 nanostructures, including nanofibres [11] , nanotubes [12] , nanoplates [13] , quasi-cubes [14] and hollow spherical structures [15] . For example, fibre-like ZnFe2O4 nanocrystals were obtained by thermal treatment of precursors [11] . As the shape, size, and structure of the materials have a great influence on their chemical and physical properties when the dimension is reduced to the nanometer scale, nanostructured materials can show unique optical, electrical, magnetic, and catalytic properties, which are quite different from that of the bulk counterpart [16] . Recently, ZnFe2O4 has also received great interest due to the wide applications in magnetic materials, adsorption, photocatalysis, and solar cells [17] . However, a few studies on the use of this technique for the synthesis of nano-sized materials, particularly magnetic materials, have been reported. In this work we used this facile way to drive simple synthesis reaction in sol-gel for the production of ZnFe2O4 nanomaterials. Then the resulting product was used to evaluate degradation of RY 86 as a model pollutant. Despite their potential biomedical applications, very few studies have reported on the role of ferrite nanomaterials. The constant increase in the antimicrobial resistance of microorganisms represents a great public health concern. This requires the search for new unconventional antimicrobial agents. Nanotechnology provides promising materials to fight infectious diseases such as nanomaterials with antimicrobial activities [18] , [19] . In the present study the photocatalytic activity of spinel ZnFe2O4 nanomaterials was investigated together with their structural, physico-chemical properties and antibacterial activity studies.
II. EXPERIMENTAL

A. Materials and Methods
All chemicals, including zinc nitrate, ferric nitrate, ethylene glycol, hydrogen peroxide, gelatin and ethanol, were of analytical grade (HiMedia) and used as received. All the standard solutions were prepared in deionized water. The microorganisms used for the biological evaluation were Lactobacillus, Bacillus cereus (Gram-positive), Escherichia coli, Aeromonas hydrophila and Vibrio harveyi (Gram-negative). The antibacterial activity of ZnFe2O4 nanomaterials was demonstrated using well diffusion method against different Gram-positive and Gram-negative bacteria of clinical significance.
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6 In a typical synthesis, 5 mL of ethylene glycol (EG) solution of ferric nitrate (8.08 g) and 500 mg of gelatin in hot solution of zinc nitrate (2.98 g) were mixed and then mixture was under vigorous stirring for 1 h. The solution pH was adjusted to 8 using 0.1N NaOH. The precipitate was filtered and dried at 80 C at oven 12 h. The precipitate was calcined at 500 C for 6 h. Finally, ZnFe2O4 nanomaterial was formed.
B. Photocatalytic Activity Studies
In all cases 50 mL of the dye solution containing appropriate quantity of ZnFe2O4 (suspension) and H2O2 was used. The suspension was stirred for 30 min in dark and then it was irradiated. The solution of dye was continuously aerated by a pump to provide oxygen and complete mixing of reaction medium. At specific time interval 2 mL of the sample was withdrawn and centrifuged to separate the catalyst. 1 mL of the centrifugate was diluted to 10 mL and its absorbance at 270 nm (degradation) and 415 nm (decolourization) were measured to monitor dye concentration. The RY 86 degradation of dye was confirmed by UV spectral measurements. The pH of the solution was measured using Elico-4615 pH meter.
C. Antibacterial Activity of ZnFe2O4
The bacterial test organisms were inoculated in nutrient broth in a test tube and incubated at 37 C for 18-24 h. This overnight culture was used to study the bactericidal properties of the nanomaterials. Mueller-Hinton agar media was prepared and sterilized in an autoclave at 121 C with 6.8 kg pressure. The media was poured into Petri plates and allowed to solidify in sterile conditions in a laminar airflow chamber. Once the media had solidified the overnight bacterial cultures were swabbed onto the plates uniformly to obtain uniform growth. Meanwhile nanomaterial samples and ampicillin solutions were made by dissolving them in sterile distilled water. On the agar plate 3 wells were made using a gel puncture -one for the nanomaterial samples, one for positive control and the third one for the negative control. Using a micropipette 10 L of the nanomaterial samples were introduced into one well, ampicillin into another and water into the third well. The plates were then incubated at 37 C for 24 h. After 24 h the zone of inhibition corresponding to the efficacy of the nanomaterials antibacterial activity against the particular bacteria was measured and tabulated.
D. Characterization Techniques
X-Ray diffraction pattern was recorded on the Equinox-1000 model X-ray diffractometer from analytical instruments operated at a voltage of 30 kV and a current of 30 mA with Cu K radiation (1.54056 Å). FT-IR spectrum was recorded using Shimadzu IRAffinity-1 spectrometer in KBr pellet. About 5 mg of sample was mixed with 50 mg of IR grade KBr, ground and pressed using a hydraulic press under a pressure of 15 tons into a pellet of 13 mm diameter. This pellet was used to record the infrared spectra in the range of 4000-400 cm -1 . The spectrum was recorded as percentage of transmittance against wavenumber. The UV-DRS spectrum was recorded by using the instrument Jasco model V-670. FE-SEM images were taken using on Carlziess-Specification EV018 scanning electron microscope. Samples were mounted on a carbon platform and placed in the scanning electron microscope to take images at various magnifications. EDX (Bruker-X-Flash X130) and elemental colour mapping were performed at different points of the surface in order to minimize any possible anomalies arising from the heterogeneous nature of the analyzed surface. Most elements were detected with the concentration in the order of 0.1 %. Ultraviolet and visible light absorbance spectra were measured over a range of 200-800 nm with a Shimadzu UV-1650PC recording spectrometer using a quartz cell with 10 mm optical path length. Fig. 1 shows the XRD pattern of novel synthesized ZnFe2O4 nanomaterials. All the peaks of the XRD pattern can be easily indexed to cubically shaped spinel type ZnFe2O4 structure (JCPDS No. 82-1042). The peaks at 2 values of 35.23, 42.81, 56.60 and 62.14 can be assigned to the consideration of (311), (400), (422), (511) and (440) planes of spinel ZnFe2O4 nanomaterials [20] . The intense and sharp peaks elucidate that the products are well crystallized. Moreover, the average grain size of ZnFe2O4 nanoparticles is calculated by using Scherrer formula, D = K/(cos), where K is a constant which is selected as 0.9,  is taken as 0.15418 nm (Cu K),  is the diffracting angle (degree). The grain size of ZnFe2O4 nanoparticles is calculated using four prominent peaks and the average value is 42 nm. 
III. RESULTS AND DISCUSSION
A. XRD Analysis
B. FT-IR Analysis
FT-IR spectrum was recorded in the region of 4000-400 cm . These two bands are corresponded to the intrinsic lattice vibrations of Fe-O and Zn-O, octahedral and tetrahedral coordination compounds in the spinel structure of ZnFe2O4, respectively [21] . The additional observed vibration bands are assigned to O-H bending (1661 cm -1 ) and O-H stretching (3455 cm -1 ). These normally exist from water, which is usually absorbed by the nanomaterial from the environment. Finally, the observed vibration bands at low frequency regions suggested the formation of spinel ZnFe2O4. 
C. UV-DRS Analysis
The optical absorption property of spinel ZnFe2O4 relevant to the electronic structural feature is revealed as a key factor in determining the photocatalytic activity [22] . The optical absorption of spinel ZnFe2O4 was measured by UV-DRS spectroscopy as shown in Fig. 3 . In this spectrum, the spinel ZnFe2O4 exhibited extended photoabsorption from UV to visible region shorter than 750 nm, which implies the possibility of high photocatalytic activity of this material under visible light. By applying Kubelka-Munk function [23] the direct band gap energy of the specimen is estimated from the Tauc plot [F(R)h] 2 vs. h (eV) as 1.55 eV (inset in Fig. 3 ). The extended photoabsorption from UV to visible region of the ZnFe2O4, might be ascribed to additional sub band gap energy levels induced by the abundant surface and interface defects in the agglomerated nanoparticles [24] . 
D. FE-SEM, EDX with Elemental Colour Mapping
The surface morphology of the synthesized product was identified by FE-SEM measurements. Fig. 4 a and b show the FE-SEM images of ZnFe2O4 flaky structure. The particles are uniformly distributed. The sizes of the particles are in few hundred nm (Fig. 4 b) , and some of the particles sizes are in the range from 10 nm to 50 nm (Fig. 4 a) . The elemental compositional analysis was determined using EDX (Fig. 4 c) and coupled with colour mapping (inset in Fig. 4 c) ; it manifests the presence of Zn, Fe and O in the bulk of ZnFe2O4 nanomaterials. 
E. Photocatalytic Activity of ZnFe2O4 Nanomaterials
The photocatalytic activity of ZnFe2O4 was investigated towards Reactive Yellow 86 (RY 86) dye degradation under UV light. RY 86 dye is extensively used in dyeing industries; its UV-visible spectrum and chemical structure are given in Fig. 5 . The effect of operational parameters, such as catalyst loading, initial pH, initial concentration of H2O2 and initial dye concentration, was also investigated. 
F. Primary Analysis
The photocatalytic activity of ZnFe2O4 was evaluated by the degradation of RY 86 under UV light. Controlled experiments under different reaction conditions were carried out, and the results are displayed in Fig. 6 . From the result it is clear that the dye is resistant to direct photolysis by UV-A light (curve a). In presence dye/H2O2/dark a 10 % decrease in the dye concentration at the time to 50 min (curve b) was observed. There is no appreciable decrease in the concentration of dye when it is treated with ZnFe2O4/UV (curve c). The dye on irradiation with heterophoto-Fenton like catalyst ZnFe2O4 with H2O2 undergoes 94 % degradation in 50 min (curve d). There is a small decrease (26 %) in concentration of dye when it is treated with dye/ZnFe2O4/H2O2/dark (curve e). 
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G. Effect of Catalyst Loading
The . When the catalyst weight is above 2 g•L -1 the removal rate decreases. The enhancement of removal rate is due to: i) the increase in the amount of catalyst weight, which increases the number of dye molecules adsorbed, ii) the increase in the density of particles in the area of illumination. Above 2 g•L -1 of catalyst, the removal rate is decreased. This may be due to the enhancement of light reflectance by the catalyst and decrease in light penetration. Thus the optimum amount of catalyst concentration is found to be 2 g•L -1 (100 mg/50 mL) for photocatalytic reaction. 
H. Effect of Initial Solution pH
Dye wastewater is discharged at different pH. Therefore, it is important to study the role of pH on degradation efficiency. Experiments were carried out at various pH ranging from 3 to 9 with constant amount of dye (510 -4 M) and catalyst (2 g•L -1
). The maximum degradation of RY 86 was observed at pH 4 (Fig. 8) . Hence pH 4 is optimum for this hetero-Fenton degradation of RY 86. 
I. Effect of H2O2 Dosage
The degradation of RY 86 with pH 4 at different H2O2 concentrations was studied (Fig. 9) . Addition of H2O2 (5-10 mmol) increased the pseudo-first order degradation rate constant from 0.0113 min -1 to 0.017 min -1 and decolourization rate constant from 0.0422 min -1 to 0.0831 min -1 . Further increase of H2O2 above 10 mmol decreased the rate of degradation of RY 86 [25] . Hence 10 mmol of H2O2 is the optimum level for the degradation of RY 86. 
J. Effect of Initial Dye Concentration
Many researchers have investigated the effect of initial dye concentration on the degradation in solution [26] , [27] . Increase of the initial dye concentration from 1 to 610 -4 M decreased the degradation rate constant from 0.052 min -1 to 0.012 min -1 and decolourization rate constant from 0.206 min -1 to 0.064 min -1 (Fig. 10) . However, it should be pointed out that even at a high initial concentration of RY 86 (610 -4 M), about 50 % of dye removal was achieved in 50 min. This indicates that ZnFe2O4 catalyst can also work well at high initial concentrations of Materials Science and Applied Chemistry _________________________________________________________________________________________________2017/34 9 RY 86. As reported earlier, surface fluorinated TiO2 Wackherr (F-TiO2) was found to be very efficient towards Reactive Orange 4 dye degradation (about 50 % degradation) even at high concentration [27] . 
K. Long-Term Stability
The reusability of the heterogeneous photo-Fenton catalyst was tested and the results are shown in Fig. 11 . About 94 % dye removal took place at 50 min in the first run. The same catalyst was separated dried and used again. th and 5 th run gave 93 %, 93 %, 92.5 % and 92.3 % degradation, respectively. There was no significant decrease in degradation even after fifth run. Hence the catalyst is reusable. 
L. Mechanism
On the basis of the above experimental observations and corroborating with the existing literature a possible mechanism has been proposed for the degradation of RY 86 dye in the presence of ZnFe2O4 (Fig. 12) . This would be an advantage of use of ZnFe2O4 nanomaterials in the presence of H2O2 to degrade azo dye under UV light.  OH radicals can oxidize the pollutant molecules. This cycle is continued throughout the period that the H2O2 is present. Finally, the pollutant molecule can be mineralized into CO2 and H2O. We investigate magnetic separation properties of the ZnFe2O4 nanomaterials (inset in Fig. 12 ). The catalyst can be easily separated from the reaction mixture.
M. Antibacterial Activity of ZnFe2O4
ZnFe2O4 nanomaterials show better antibacterial activity against Lactobacillus strain (Table I) . A good antibacterial activity was observed for these ZnFe2O4 nanomaterials against Escherichia coli and Aeromonas hydrophila strains. A satisfactory antibacterial activity was observed against Vibrio harveyi strain. There was no antibacterial activity of these ZnFe2O4 nanomaterials against Bacillus cereus strain. Escherichia coli 100 mg / 1 mL 2 -1.7
Aeromonas hydrophila 100 mg / 1 mL 1 -0.9
Vibrio harveyi 100 mg / 1 mL 2 -0.7
Bacillus cerus 100 mg / 1 mL 0.9 --P -positive control (ampicillin), N -negative control (water), S -nanomaterial sample (ZnFe2O4).
The zone of inhibition of antibacterial activity of ZnFe2O4 nanomaterials against the microorganisms is presented in Fig. 13 . The ZnFe2O4 nanomaterials show good antibacterial activity against antibacterial strains. , respectively. This catalyst is found to be reusable and also very efficient even at high initial dye concentration. Furthermore, the ZnFe2O4 nanomaterials also showed better, good and satisfactory antibacterial activity against Lactobacillus, Bacillus cereus (Gram-positive), Escherichia coli, Aeromonas hydrophila and Vibrio harveyi (Gram-negative) bacterial strains. It can be effectively used as a magnetically recyclable material for the removal of chemical contaminants like dyes/colourants as well as biological contaminants from water/industrial wastewater treatment.
